Two isozymes of 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (EC 4.1.2.15) designated DS-Mn and DS-Co were separated from seedlings of Vigna radiata [L.] Wilczek by DEAE-cellulose column chromatography. DS-Mn was activated 2.6-fold by 0.4 millimolar manganese, had an activity optimum of 7.0, and was substrate inhibited by erythrose-4phosphate (E4P) concentrations in excess of 0.5 millimolar. In contrast, DS-Co had an activity optimum at pH 8.8, required E4P concentrations of at least 4 millimolar to approach saturation, and exhibited an absolute requirement for divalent cation (cobalt being the best). Regulatory properties of the two isozymes differed dramatically. The activity of DS-Mn was activated by chorismate (noncompetitively against E4P and competitively against phosphoenolpyruvate), and was inhibited by prephenate and L-arogenate (competitively against E4P and noncompetitively against phosphoenolpyruvate in both cases). Under standard assay conditions, L-arogenate inhibited the activity of DS-Mn 50% at a concentration of 155 micromolar and was at least 3 times more potent than prephenate on a molar basis. Weak inhibition of DS-Mn by L-tryptophan was also observed, the magnitude of inhibition increasing with decreasing pH. The pattern of allosteric control found for DS-Mn is consistent with the operation of a control mechanism of sequential feedback inhibition governing overall pathway flux. DS-Co was not subject to aliosteric control by any of the molecules affecting DS-Mn. However, DS-Co was inhibited by caffeate (3,4-dihydroxycinnamate), noncompetitively with respect to either substrate. The striking parallels between the isozyme pairs of 3-deoxy-n.arabino-heptulosonate-7-phosphate synthase and chorismate mutase are noted-one isozyme in each case being tightly regulated, the other being essentially unregulated. 17, 1984, at Davis, CA. 2Abbreviations: DAHP, 3-deoxy-i-arabino-heptulosonate-7-phosphate; PEP, phosphoenolpyruvate; E4P, erythrose-4phosphate. marins, indole derivatives, and other phenolic compounds (12).
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In mung bean we showed (25) that total DAHP synthase activity was distributed between two separable and quite distinctive isozymes. One isozyme (DS-Co) had an absolute requirement for divalent cation (cobalt being preferred). The second isozyme (DS-Mn) was stimulated by, but did not require, man- ganese. Although Nicotiana silvestris is not closely related to V. radiata, a pair of isozymes similar to the V. radiata isozymes were noted in N. silvestris (7, 8) . This latter uniformity ofisozyme makeup is not reflected, however, by descriptions in the literature of DAHP synthase from corn (14) , cauliflower (15) , pea (20, 22, 23) , tea (26) , and carrot (28) . Since we have found that assay conditions that favor the optimal detection of one isozyme are inadequate for detection of the second isozyme and vice versa, it is quite possible that this two-isozyme system may have escaped recognition in some other studies. For example, although a single enzyme that appears similar to DS-Mn was found in cauliflower (15) and in carrot (28) , the assay conditions used would have masked the possible presence of a coexisting DS-Co.
A general perception appears to have developed that DAHP synthase in higher plants is not subject to allosteric control ( 12) . This has followed from the general finding that aromatic amino acids fail to inhibit DAHP synthase activity and because the midpathway intermediate, shikimic acid, may accumulate to high concentrations in some plant tissues (31) . In a few cases where some evidence for allosteric regulation has been found e.g. inhibition by L-tryptophan (14) , inhibition by L-tyrosine (22) or activation by either L-tryptophan or L-tyrosine (28) , effects were rather weak and not easily reconciled with any pattern that equates with efficient overall pathway control. Against this background of little evidence for allosteric regulation at the level of DAHP synthase, it is nevertheless almost heretical to envision early-pathway feedback control to be absent. As discussed previously (16) , lack of early-pathway control would be especially unusual where late-pathway control circuits are known to exist. In prokaryotes, DAHP synthase is in fact an enzyme that provides premier examples where allosteric regulation was initially thought to be absent until new control patterns such as sequential feedback inhibition and concerted feedback inhibition (see 18 for review) were recognized.
Since the distinctly different isozymes of DAHP synthase in V. radiata suggested to us a vehicle for some form of differential regulation, we have carried out a detailed evaluation of possible allosteric sensitivities of DS-Mn and DS-Co to a variety of possible effector molecules.
MATERIAILS AND METHODS
Plant Material. Seeds of Vigna radiata [L.] Wilczek were germinated as previously described (24) . Four-d-old seedlings 711 were frozen intact in liquid N2 and ground to a fine powder in a Waring Blendor. The powder was stored at -80°C prior to the preparation of crude extract.
Column Chromatography. Crude extract was prepared and desalted as previously described (25) . Chromatography of crude extract (331 mg protein) on DEAE-cellulose, and further purification of DS-Co via hydroxylapatite column chromatography was conducted as previously described (25) except that a salt gradient of 450 ml was applied to a 2.5 x 10-cm column of hydroxylapatite, and fractions of 3.4 ml were collected.
Enzyme Assays. Phosphatase activity was assayed by measuring formation ofp-nitrophenol from p-nitrophenylphosphate, as described previously (25) . DAHP Materials. Chorismate (87% pure) was prepared from culture supernatants of Klebsiella pneumoniae 62-1 according to the method of Gibson (9) . Barium prephenate (91% pure) was prepared from culture supernatants of an L-tyrosine auxotroph of Salmonella typhimurium (6) and was converted to the potassium salt with excess K2SO4 prior to use. L-Arogenate was prepared from culture supematants of a triple auxotroph of Neurospora crassa ATCC 36373 (19) and was prepared according to the method of Zamir et al. (32) .
Caffeic acid, periodic acid, and thiobarbituric acid were from Aldrich Chemical Co. DEAE-cellulose (DE52) and hydroxylapatite (Bio-Gel HTP), were obtained from Whatman Ltd. and Bio-Rad Laboratories, respectively. Sephadex G-25, XAD-4, and all biochemicals not specified above were obtained from Sigma Chemical Co.
RESULTS
Chromatographic Separation of DAHP Synthase Isozymes. DEAE-cellulose chromatography of V. radiata crude extract yielded two stable peaks of DAHP synthase activity, designated DS-Mn and DS-Co (Fig. 1) . We previously showed (25) Table I . The apparent activity of DS-Co in crude extracts is probably underestimated, perhaps because of interference by phosphatase activity. Thus, more than the apparent starting activity was recovered following both chromatography steps, and it may be that the actual purification was several-fold less than shown. On the other hand, the apparent activity of DS-Mn in crude extracts is probably overestimated, primarily because of the ability of the DS-Co isozyme (see later section) to function to a limited extent in the presence ofmanganese. Thus, the actual recovery and purification of DS-Mn was probably significantly greater than indicated by a comparison of the values shown in 7 .0, while the pH optimum for DS-Co was 8.8 (Fig. 4) . Each isozyme exhibited no more than 25 to 30% of maximal activity when assayed at the pH optimum of the other isozyme.
An additional differential characteristic of these two isozymes was the substrate saturation curve with respect to E4P (Fig. 5) .
With DS-Mn, concentrations of E4P in excess of about 0.5 mM caused substrate inhibition. In contrast, significantly higher concentrations of E4P were required for saturation of DS-Co, and substrate inhibition was not observed even at high E4P concentrations. Thus, at 0.5 mM E4P (optimal for DS-Mn), DS-Co only achieved about 40% of its potential activity. At saturation curves with respect to PEP leveled off at about 2 mm for both DS-Mn (E4P fixed at 0.5 mM) and DS-Co (E4P fixed at 4 mM). When the standard assay conditions for the two DAHP synthase isozymes (see "Materials and Methods") were used, neither partially purified isozyme displayed any activity when assayed under the alternative conditions. Sensitivity of DAHP Synthase-Co to Allosteric Control. The three aromatic amino acids, shikimate, and the three cyclohexadienyl intermediates (chorismate, prephenate, and L-arogenate) all failed to inhibit DS-Co, but caffeate (3,4-dihydroxycinnamate) was inhibitory (Fig. 6 ). Fifty percent inhibition was obtained in the presence of 180 AM caffeate. Double-reciprocal plots revealed that inhibition was noncompetitive with respect to both E4P and PEP (Fig. 7) .
Sensitivity of DAHP Synthase-Mn to Allosteric Control. LTryptophan was a weak inhibitor of DAHP synthase-Mn at pH 7.0. Using the standard assay conditions, concentrations of Ltryptophan in the range of 0.05 to 1 mm yielded no greater than 20% inhibition of enzyme activity (data not shown). However, sensitivity of DS-Mn to inhibition by L-tryptophan increased with decreasing pH (Fig. 8) . At pH 5.0, 44% inhibition ofactivity was obtained in the presence of 0.4 mM L-tryptophan. However, at pH 5, DS-Mn exhibits very little activity (as shown in Fig. 4) . DS-Mn activity was responsive to allosteric effects of three shikimate-pathway intermediates: chorismate, prephenate, and L-arogenate (Fig. 9) (13) . Although chorismate mutase-2 of V. radiata, synonymous with CM-II (25), appears to be exceptional among chorismate mutase-2 isozymes in its lack of sensitivity to caffeate inhibition (1 1), it is possible that the isozyme became desensitized during the purification regimen employed.
DAHP Synthase-Mn. Optimal conditions for assay for DSMn with respect to pH optimum, divalent cation (Mn2+) employed for activation, and E4P concentration are incompatible with the detection of DS-Co activity. In N. silvestris, it has recently been found that DTT activates DS-Mn, producing a marked hysteretic response (R. J. Ganson and R. A. Jensen, unpublished data). DTT was present in the buffer used for crude extracts and for DEAE-cellulose chromatography of DS-Mn in this study as described before (25) , and preliminary experiments indicate that V. radiata DS-Mn is also activated by DTT.
The multimetabolite control of DS-Mn is complicated, but amenable to a physiologically attractive interpretation. Figure 10 illustrates DS-Mn in relationship to its four allosteric agents and to the aromatic amino acids. (33) . Arogenate dehydrogenase requiring NADPI, has been described in mung bean (24) . Although prephenate dehydrogenase has not been detected in a number of higher plants examined, this activity (not shown) was detected in mung bean seedlings (24) . The possibility that the latter activity may be present only during the developmental time of seedling germination is being examined. The transamination of prephenate is carried out by [AT-C], an aminotransferase previously denoted PPA-AT in mung bean (24) , and similar to the recently characterized aminotransferase activity in N. silvestris (1) . CM-I is an isozyme of chorismate mutase that is activated by L-tryptophan and feedback inhibited by L-tyrosine and Lphenylalanine in mung bean (10) . DS-Mn is responsive to allosteric activation by chorismate (+) and to feedback inhibition by prephenate, Larogenate and L-tryptophan (-). Enzymes are designated as follows: (1) the CM-I isozyme of chorismate mutase in N. silvestris exhibits a Ka of 1.5 FtM for L-tryptophan, even though mm levels of Ltryptophan produce less than 2-fold activation at saturating levels of substrate (13) .
Perspective on Significance of Isozyme Pairs. Both chorismate mutase and DAHP synthase exist in V. radiata as isozyme pairs (10, 11, 25 , this paper), with one isozyme of each pair subject to allosteric control by aromatic-pathway metabolites, indicating a more or less conventional operation of feedback control. The second isozyme of each pair is not feedback regulated by any biosynthetic-pathway metabolites, although the control of these isozymes by caffeate in some higher plants (13, this paper) may be significant as signals offeedback control within the boundaries of a larger biochemical unit. There is some basis for projection that other higher plants may possess similar isozyme pairs of chorismate mutase and DAHP synthase. Another branchpoint enzyme, anthranilate synthase, may exist as a mixture of feedback-sensitive and feedback-resistant isozymes (4) . In N. silvestris, the regulated chorismate mutase-1 has been shown to occupy the plastid compartment while the unregulated chorismate mutase-2 is located in the cytosol (5). It will be interesting to see whether the subcellular locations of other aromatic-pathway isozyme pairs will parallel those of chorismate mutase. Indeed, our results in N. silvestris with DS-Co and DS-Mn isozymes fit this expectation (8) , and evidence from other laboratories is also suggestive along these lines (20) .
